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Positional Cloning Identifies Zebrafish
one-eyed pinhead as a Permissive
EGF-Related Ligand Required during Gastrulation
specification in the embryo (Kimmel et al., 1989; Talbot
et al., 1995; Driever et al., 1996; Haffter et al., 1996;
Schier, 1997). However, only a handful of mutant loci
have been cloned (e.g., Schulte-Merker et al., 1994; Tal-
bot et al., 1995). One well-characterized example is the
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New York University Medical Center homeobox gene floating head/Not-1 (flh), which is re-
quired for the specification of notochord, an axial mid-New York, New York, 10016
line structure present in all vertebrate embryos (Halpern
et al., 1995; Talbot et al., 1995; Melby et al., 1996). In
contrast to flh, one-eyed pinhead (oep) mutants form aSummary
notochord but lack the prechordal plate, the anterior
midline neighbor of the notochord (Hammerschmidt etThe zebrafish one-eyed pinhead (oep) mutation dis-
al., 1996; Schier et al., 1996, 1997; Solnica-Krezel et al.,rupts embryonic development, resulting in cyclopia
1996; StraÈ hle et al., 1997). The prechordal plate contrib-and defects in endoderm, prechordal plate,and ventral
utes to mesendodermal tissues in the vertebrate headneuroectoderm formation. We report the molecular
and patterns the forebrain (e.g., Adelmann, 1936; Daleisolation of oep using a positional cloning approach.
et al., 1997; Li et al., 1997). The prechordal plate pheno-The oep gene encodes a novel EGF-related protein
type in oep mutants is apparent at the onset of gastrula-with similarity to the EGF-CFC proteins cripto, cryptic,
tion, when expression of the dorsal mesoderm geneand FRL-1. Wild-type oep protein contains a functional
goosecoid is not maintained in oep embryos (Schier etsignal sequence and is membrane-associated. Fol-
al., 1997). Analysis of genetic mosaics has suggestedlowing ubiquitous maternal and zygotic expression,
that oep acts cell-autonomously in prechordal plate pro-highest levels of oep mRNA are found in the gastrula
genitors (Schier et al., 1997). During gastrulation, oep ismargin and in axial structures and forebrain. Wide-
essential for the formation of theendodermal germ layer,spread misexpression of both membrane-attached
indicating that oep functions also in lateral and ventraland secreted forms of oep rescues prechordal plate
regions of the gastrula margin (Schier et al., 1997; StraÈ hleand forebrain development in mutant embryos but
et al., 1997). In addition, embryos mutant for oep displaydoes not lead to the ectopic induction of these cell
cyclopia and lack of ventral neuroectoderm (Hammer-types in wild-type fish. These results establish an es-
schmidt et al., 1996; Schier et al., 1996, 1997; Solnica-sential but permissive role for an EGF-related ligand
Krezel et al., 1996; StraÈ hle et al., 1997), a phenotypeduring vertebrate gastrulation.
resembling the human congenital defect holopros-
encephaly (Muenke,1995). Phenotypic analysis has thusIntroduction
identified oep as a key gene involved in germ-layer for-
mation and cell type specification duringvertebrate gas-The mechanisms by which germ layers form and cell
trulation.types become specified during gastrulation are a funda-
Because no known gene corresponded to oep (Schiermental problem in vertebrate development. Classical
et al., 1997), we have positionally cloned the oep geneembryological experiments have established that both
and found that it encodes a novel EGF-related proteincues within a cell and inductive interactions between
with similarity to the EGF-CFC proteins cripto, cryptic,cells are involved in these events (Spemann, 1938). Mo-
and FRL-1 (Ciccodicola et al., 1989; Kinoshita et al.,lecular studies have identified transcription factors that
1995; Shen et al., 1997). Biochemical and immunolocali-serve as intrinsic cues and extracellular factors that me-
zation studies indicate that oep protein has a functionaldiate cell signaling events (Heasman, 1997). In particu-
signal sequence and is membrane-associated. Theselar, secreted proteins of the FGF, wnt, and TGF-b fami-
properties are disrupted in the oep mutant alleles oeptz57lies and their inhibitors have been directly implicated in
and oepm134. Injection of RNA encoding for wild-type oepcell type specificationand regionalization during gastru-
protein rescues oep mutant embryos but does not leadlation. In some cases, the essential nature of these gene
to the induction of ectopic structures in wild-type fish.families has been inferred from dominant negative ex-
At higher expression levels, a secreted form of oep canperiments in frog (e.g., Amaya et al., 1991; Hemmati-
also rescue mutant embryos. These results identify oepBrivanlou and Melton, 1992) or gene disruption in mouse
as a novel extracellular and membrane-associated li-(e.g., Yamaguchi et al., 1994; Winnier et al., 1995). In
gand in the EGF family with essential and permissiveaddition, misexpression of most of the identified extra-
functions during vertebrate development.cellular signals induces the ectopic specification of cell
types or disrupts the overall patterning of the embryo
during gastrulation (Heasman, 1997). Results
Recent genetic screens in zebrafish have identified
additional genes with essential functions during gastru- Positional Cloning of oep
lation as mutations that disrupt regionalization and fate To obtain entry points for a chromosomal walk to oep,
we employed bulked segregant analysis with RAPD
markers (reviewed in Postlethwait and Talbot, 1997) and*To whom correspondence should be addressed.
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Figure 1. Recombinants and Genomic Clones in the one-eyed pinhead Region
Markers 15AH.500 and 20K.850 were used to start the genomic walk. A contiguous stretch of genomic DNA was assembled from zebrafish
genomic clones in bacterial artificial chromosomes (BAC) and P1 artificial chromosomes (PAC). The length of all BAC and PAC clones was
determined by pulsed-field gel electrophoresis, except for 126K18. The end points and overlap of BAC, PAC, and cosmid clones are inferred
from PCR analysis using primers specific for the ends of clones. This allowed overlaps to be established at a precision of 1/2 10 kb. For
clones 165D4, 168N24, and 126K18 (dashed), the extent of overlap has not been determined precisely. Clone 134F10 is chimeric, and its
proximal end is not in the oep genomic region. Initial recombinant mapping of 3122 oepm134/oepz1 hemizygous mutant embryos placed oepm134
proximal to 15AH.500 and distal to 32T7. Clones 14I1 and 240K7 were subcloned into cosmids, and further recombinant mapping placed oep
between 46T7 and 32T7. This region is included in cosmids C27, C38, C40, and C21. Final analysis of 3122 oepm134/oepz1 hemizygous mutant
embryos placed recombination points between markers 126T7 and 15AH.500 (three recombinants), 46T7 and m134, corresponding to oep
amino acid codon 168 (one recombinant), 14M13R and 32T7 (two recombinants), 32T7 and 20K.850 (three recombinants).
isolated two PCR-based markers tightly linked to the analysis and end sequencing, 13 representative cDNAs
were used for whole mount in situ hybridization. Onemutation (Schier et al., 1997). 15AH.500 and 20K.850
were found to be less than 3 cM from oep in initial class of cDNAs (class A) was found to be expressed
before the onset of gastrulation and in the axial regionmapping experiments using the oepm134 allele (Schier
et al., 1997). Recombinant analysis of more than 3100 of the gastrula (Figure 5). As previous phenotypic analy-
sis had demonstrated a requirement for oep gene func-additional meioses established that 15AH.500 is located
0.03 1/- 0.08 cM distal and 20K.850 0.16 1/- 0.18 cM tion before gastrulation (Schier et al., 1997), the gene
represented by class A cDNAs provided a promising(99% confidence interval) proximal to the oep locus (Fig-
ure 1). Both markers are deleted in the gamma-ray in- oep candidate.
Sequence analysis of class A cDNA clones revealedduced allele oepz1 (Schier et al., 1997; data not shown).
As a genetic distance of 1 cM corresponds on average an open reading frame (ORF) of 183 amino acid residues
(Figure 2). Sequencing of genomic DNA established thatto a physical interval of 600 kb (Postlethwait and Talbot,
1997), we embarked on a genomic walk to isolate the the two previously isolated, chemically induced oep al-
leles oepm134 and oeptz57 contain mutations in the ORFoep genomic region.
Using PAC and BAC libraries (C. Amemiya, personal that lead to truncations of the oep protein (Figure 3).
In addition, injection of synthetic mRNA encoding oepcommunication; Genome Systems), genomic clones
containing each marker were isolated, and their terminal protein into oepz1 or oeptz57 mutant embryos at the 1±4-
cell stage restored separation of the eyes and the devel-sequences were used to obtain additional clones. More
than 400 kb of contiguous DNA containing the oep locus opment of the ventral forebrain and hatching gland, a
prechordal plate derivative (Figure 6; Table 1). Thesewas isolated (Figure 1). Recombinant fine mapping was
performed using polymorphisms identified as single- genotypically mutant embryos were often phenotypi-
cally indistinguishable from wild-type embryos. We con-stranded conformation polymorphisms (SSCP) or cleaved
amplified polymorphic sequences (CAPS).These experi- clude that the candidate represented by class A cDNAs
is the oep gene, based on (1) high-resolution geneticments initially located oep to an interval of less than 200
kb. DNA from this region was subcloned into cosmid mapping, (2) analysis of the oepm134 and oeptz57 point
mutations and the oepz1 deletion, and (3) rescuing activ-vectors. Further fine mapping identified four cosmids
spanning z100 kb that defined the oep interval.Cosmids ity of microinjected synthetic RNA.
were individually used to screen a blastula/gastrula ze-
brafish cDNA library (T. Lepage and D. Kimelman, per- oep Encodes a Novel EGF-CFC Protein
Sequence comparison indicates that oep is a novelsonal communication) under suppression conditions to
block repetitive sequences (Baxendale et al., 1991). member of the EGF superfamily (Groenen et al., 1994;
Figure 3E). Highest similarity is found with cripto (Cic-Screening identified 195, 8, 0, and 20 cDNAs for each
cosmid, respectively. Based on restriction fragment codicola et al., 1989; Dono et al., 1993), cryptic (Shen
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Figure 2. Sequence of oep cDNA
Composite sequence and exon boundaries (e.g., 1|2) were determined by analyzing four oep cDNAs and the oep genomic region. The majority
of oep cDNAs encode a 183 amino acid protein. Exon 6 (italics) is a rare alternative splice form of oep (oeplong) and corresponds to a tandem
duplication of the last seven amino acids of exon 5. Sequencing of the oep genomic region confirms the presence of this exon and indicates
that part of exon 5 and intron 5 have been locally duplicated giving rise to exon 6 and intron 6 (data not shown). One amino acid polymorphism
was identified in wild-type strains: nucleotide 631 was A or G, rendering amino acid 176 Thr or Ala, respectively. In oeptz57, nucleotide 631 is
C, encoding Pro-176; this does not affect rescuing ability (Table 1). A85 (underlined) is mutated to G85 in oeptz57. C608 (underlined) is mutated
to A608 in oepm134, changing Ser-168 to a stop codon. Signal sequence cleavage between Ser-20 and Leu-21 is predicted at a Y-score of
0.697 (cutoff 0.34; Nielsen et al., 1997). The C terminus following Leu-167 is hydrophobic and predicted to form a 17 amino acid±long a-helix.
The EGF and CFC homology domains are located between amino acids 77 and 112, and 115 and 151, respectively. Note that these two
domains represent distinct exons.
et al., 1997), and FRL-1 (Kinoshita et al., 1995), members in a C-terminal truncation of 16 amino acids from the
hydrophobic C terminus, whereas oeptz57changes theof the EGF-CFC class of EGF-like molecules (Figure
3D). The extent of similarity (22%±32%) among these initiator codon ATG to GTG, predicting in-frame transla-
tion initiation nine amino acids downstream of the nor-proteins suggests that they are not orthologs, but dis-
tinct members of a gene family (Figure 3A). As found in mal oep initiation site. Supporting the notion that the
oeptz57 mutation inactivates oep function, we find thatother EGF-CFC proteins, the EGF domain of oep lacks
the A loop between the first and second cysteine found injection of mRNA encoding oeptz57 cannot rescue oep
mutants (Table 1). We have also found a less abundantin most EGF-likemotifs (Figure 3E). In addition, thespac-
ing of the third and fourth cysteine is reduced relative alternative splice form of oep that contains an additional
exon of seven amino acids at the end of the CFC domainto other EGF-like repeats, resulting in a smaller B loop
(Figure 3E). Similarity extends to the CFC domain, a (oeplong; Figure 2).Sequencing of theoep genomic region
confirms that this extra exon is present downstream ofnovel cysteine-rich domain whose function is unknown
(Shen et al., 1997; Figure 3D). Other features shared by exon 5 (Figure 2 and data not shown). Injection of mRNA
encoding oeplong rescues oep mutant embryos and doesoep and EGF-CFC proteins include a hydrophobic N
terminus that is predicted to function as a signal se- not appear to be functionally different from the shorter
oep protein in this assay (Table 1).quence (Nielsen et al., 1997) and a hydrophobic C termi-
nus that might mediate membrane attachment (Brandt
et al., 1994; Kinoshita et al., 1995). Sequence analysis Oep Protein Has a Functional Signal Sequence
and Is Membrane-Associatedindicates that these two regions are disrupted in the
ENU-induced alleles oeptz57 and oepm134 (Figures 3B and To determine whether the predicted signal sequence in
oep is functional, we performed an in vitro translation/3C). The oepm134 allele introduces a stop codon resulting
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Figure 3. Sequence Comparison of EGF-
CFC Proteins and Mutations in Oep
(A) Arrangement of domains in oep. SS, pre-
dicted signal sequence; EGF, EGF-related
domain; CFC, CFC-related domain; M, pre-
dicted membrane-associated region. The ta-
ble (right) summarizes the amino acid se-
quence identities among zebrafish oep, mouse
cripto, mouse cryptic, and frog FRL-1 calcu-
lated using Lasergene software (DNASTAR).
Mouse cryptic has two potential translation
initiation sites (Shen et al., 1997). For align-
ment and sequence comparisons, we have
used cryptic protein initiated at the second
AUG. Sequence identity is given for the entire
ORF and for the EGF-CFC region as defined
in Figure 2.
(B) oeptz57 changes the first ATG to GTG, pre-
dicting translation initiation nine amino acids
downstream of the normal start site.
(C) oepm134 changes C-608 to A, mutating Ser-
168 to a stop codon and predicting a C-termi-
nal truncation that removes the hydrophobic
domain.
(D) Sequence alignment of the EGF-CFC pro-
teins oep, mouse cripto, mouse cryptic, and
frog FRL-1. Green and yellow bars indicate
amino acid identity among 4/4 and 3/4 pro-
teins, respectively. Blue and red bars under-
line EGF-related and CFC-related domains,
respectively.
(E) Sequence comparison of EGF-related do-
mains. Based on the structure of EGF, cys-
teine bonds are predicted to be arranged 1±3,
2±4 and 5±6. Note that the A loop between
the first and second Cys is of variable length
in EGF-like domains and absent in EGF-CFC
proteins. The B loop between the third and
fourth Cys is variable in EGF-like motifs
and shortened in EGF-CFC proteins. Green
and yellow bars indicate amino acid identity
among all and a large majority of EGF-like
domains, respectively.
cleavage assay (Figure 4A). When synthetic RNA encod- embryos (Table 1). Immunostaining of injected embryos
detects oep protein in the region of the cell surface buting oep is translated in vitro in the absence of micro-
somes, the oep protein has an apparent mass of z20 does not distinguish between membrane association
or secretion into the intercellular space (Figure 4B). TokD, in accord with the size predicted from the cDNA
sequence. Addition of microsomesresults in the appear- determine whether FLAG-oep is membrane-associated
or secreted, COS cells were transfected with a FLAG-ance of an z18 kD protein, consistent with the cleavage
of the oep signal sequence after Ser-20. Translation of oep expression construct. Immunolocalization detects
FLAG-oep at the cell membrane (Figure 4C), and West-the oeptz57 mutant mRNA is less efficient than that of
oep wild-type RNA and leads to the production of a ern blotting experiments show that FLAG-oep is present
in the cellular fraction, but not the conditioned mediumshorter oep protein, consistent with translational initia-
tion downstream of the mutated start site. The resulting of transfected COS cell cultures (Figure 4D). These re-
sults suggest that oep is cell surface-associated, but notprotein has a shortened hydrophobic N terminus that
is predicted to be nonfunctional as a signal sequence secreted. The mutant FLAG-oepm134, which lacks most of
the hydrophobic C terminus, displays a similar immuno-(Nielsen et al., 1997). Confirming this prediction, in vitro
translation in the presence of microsomes does not lead localization in embryos as wild-type FLAG-oep (data
not shown). In contrast to FLAG-oep, however, FLAG-to further shortening of oeptz57 protein, indicating that
signal sequence cleavage is defective in this mutant. oepm134 is not membrane-associated but found in the
conditioned medium of COS cell cultures (Figures 4CTo determine the subcellular localization of oep pro-
tein, we constructed a derivative of oep that contains a and 4D). This indicates that the hydrophobic C terminus
of oep is required for membrane attachment. The FLAG-FLAG-tag near the N terminus. Injection of synthetic
RNA encoding FLAG-oep efficiently rescues oep mutant oeptz57 mutant protein could not be detected in COS
Molecular Analysis of one-eyed pinhead
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5K and 5L). Because oep mRNA levels start to dropTable 1. Rescue of oep Mutant Embryos by RNA Injection
between high and sphere stages in oepz1 mutants but
Genotypically oep Hatching not wild-type embryos, zygotic oep transcription must
Injected RNA Mutant Embryos Two Eyes Gland
be initiated before sphere stage. At theonset of gastrula-
oepwt* 22 21 ND tion, oep mRNA expression becomes more restricted
oepwt 18 16 14 and very dynamic (Figures 5M±5X). At shield stage, oep
oeplong 22 18 16
expression is found in a slight dorsal-to-ventral gradient,FLAG-oep 21 20 21
predominantly in mesendodermal progenitors at theoeptz57 7 0 0
margin, including the zebrafish organizer, the embryonicoeplong-tz57 10 0 0
oepPro-176 7 6 6 shield (Figure 5N). During gastrulation, oep is strongly
oepwt 50 pg 32 32 32 expressed in the axial and paraxial hypoblast (Figure
oepwt 5 pg 24 17 17 5R), including notochord and prechordal plate, and more
oepm134 50 pg 24 19 19
weakly in the remainder of the embryo. At the end ofoepm134 5 pg 18 0 0
gastrulation, the highest levels of oep mRNA are found
oepzl/oepzl embryos were injected with the exception of (*), in which in the anlage of the forebrain and axial midline (Figures
oeptz57/oeptz57 embryos were used. Injected embryos were geno-
5S and 5T). Expression of oep mRNA is thus detectedtyped as described in Experimental Procedures. Fifty picograms of
in all territories that are primarily affected in oep mutantsmRNA was injected except where indicated. All proteins are derived
by the end of gastrulation (Schier et al., 1997; StraÈ hlefrom oepwt without exon 6 except oeplong and oeplong-tz57. An average
of 90% of wild-type embryos injectedwith oepwt developed normally; et al., 1997). During somitogenesis, oep is predominantly
eight separate batches with 11±75 embryos were injected, and be- found in the notochord and in a dorsal diencephalic
tween 100% and 63% of embryos werenormal; 0%±37% of embryos region that includes the anlage of the epiphysis (Figures
showed defects that were variable among affected embryos, rang-
5U±5X).ing from laterally kinked tails and trunks to reduced heart beat,
delayed development, and reduced heads. No ectopic hatching
gland or forebrain structures were observed. To compare the effects Ectopic Expression of Oep Rescues oep Mutants but
of oepwt and oepm134 directly, the same batch of embryos was in- Does Not Interfere with Wild-Type Developmentjected, and results are listed together in the last four rows. Of wild-
Widespread or ectopic expression of extracellular sig-type embryos injected with 50 pg or 5 pg of oepm134 and oepwt,
nals such as activin, BMP4, wnt, or FGF leads to domi-85%±100% developed normally (N.50 in each case). ND, not deter-
mined. nant effects in vertebrates, often inducing the formation
of ectopic structures (Heasman, 1997). As the oep gene
is required for prechordal plate and ventral neuroecto-
derm development, we hypothesized that oep mightcells (Figures 4C and 4D) and embryos (data not shown),
also be sufficient to induce these cell types. To test thissuggesting that translation initiation is inefficient and/
idea and todetermine whether restricted oep expressionor that defective signal sequence cleavage leads to the
is essential for normal development, we injected mRNAcytoplasmic localization and degradation of oeptz57 pro-
encoding oep protein into wild-type embryos at the 1±4-tein. In summary, these in vitro and in vivo results indi-
cell stage. Immunohistochemical detection of FLAG-cate that endogenous oep functions as an extracellular,
oep protein indicated that this approach leads to wide-membrane-associated factor and that normal localiza-
spread oep protein expression. We found that mRNAtion is essential for proper development.
levels that rescued the oep mutant phenotype did not
induce developmental defects in more than 90% of wild-Maternal and Zygotic Expression of oep mRNA
type embryos (Figure 6; Table 1). We did not observeTo determine the spatial and temporal expression of oep
ectopic hatching gland (a prechordal plate derivative),mRNA, we performed whole mount in situ hybridization
eyes, or forebrain structures. In a minority of embryos,using digoxigenin-labeled oep antisense RNA probes
we detected variable defects, including abnormally(Figure 5). From the 1-cell stage until 40% epiboly, ex-
shaped tails, kinked body axes, or reduced head devel-pression of oep mRNA can be detected in all cells of
opment. These results suggest that oep need not bethe blastoderm, indicating that oep mRNA is deposited
strictly localized to limit its function in the early embryo.maternally. Maternal mRNA deposition is also apparent
In addition, oep is necessary for the development ofby RT-PCR analysis of mRNA isolated at the 32±64-cell
prechordal plate and ventral forebrain but is not suffi-stage (data not shown), more than 1 hr before zygotic
cient to induce the ectopic formation of these structures.gene activation (Kane and Kimmel, 1993). To deter-
mine how long maternal oep mRNA persists during em-
bryogenesis, we performed in situ hybridization analysis Overexpression of Secreted Oep Rescues
oep Mutants but Does Not Interfereon embryos derived from intercrosses of fish heterozy-
gous for thedeletion allele oepz1. One quarter of resulting with Wild-Type Development
The mutant phenotype associated with oepm134 sug-embryos are homozygous for oepz1. These embryos do
not express zygotic oep mRNA but still contain mater- gested that oep membrane attachment is required for
oep activity. It is possible that membrane associationnally deposited oep mRNA. No difference in oep expres-
sion between wild-type and mutant embryos is detected serves to prevent diffusion and guarantees a high local
concentration of oep. In this model, the secreted format 3.3 hr of development (high stage). Four hours after
fertilization (sphere stage), oep mRNA levels are clearly of oep could have biological activity, but effective oep
concentration is too low to function in oepm134 mutants.reduced in oepz1 mutants (Figures 5I and 5J), and by 5.5
hr (germ-ring stage) no expression is detectable (Figures Alternatively, the C-terminal truncation might not only
Cell
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lead to secretion but also to inactivation of oep protein.
To distinguish between these two possibilities, we as-
sayed the activity of oepm134 in injection experiments
(Table 1). In contrast to wild-type oep RNA, 5 pg of
oepm134 RNA did not complement oepz1 mutants. How-
ever, 50 pg of oepm134 rescued cyclopia and hatching
gland development in oep mutants. This result suggests
that oep can function at high concentrations as an extra-
cellular secreted ligand. Like membrane-attached oep,
ectopic expression of secreted oepm134 does not disrupt
wild-type development, indicating that membrane at-
tachment is not responsible for the absence of domi-
nant effects seen upon misexpression of wild-type oep
protein.
Discussion
Positional Cloning Identifies Zebrafish
Genes Defined in Genetic Screens
The hundreds of mutations affecting zebrafish devel-
opment and physiology provide an extensive resource
to study vertebrate gene function (Driever et al., 1996;
Haffter et al., 1996; Schier, 1997). A few of the mutant
loci have recently been cloned as candidate genes. This
approach has established an essential role for zebrafish
homologs of Brachyury (no tail; Schulte-Merker et al.,
1994), xnot (floating head; Talbot et al., 1995), and
chordin (dino; Schulte-Merker et al., 1997). We have now
used in zebrafish a positional cloning strategy to isolate
a mutated gene, and these experiments identified oep
as a novel member of the EGF superfamily.
The isolationof oephighlights some of the advantages
and strategies applicable to positional cloning in zebra-
fish. Pooling strategies (bulked segregant analysis) and
DNA fingerprintingtechniques (RAPD analysis and AFLP
analysis) can be applied to obtain tightly linked markers
(reviewed in Postlethwait and Talbot, 1997). The cloning
effort is then greatly aided by the availability of thou-
sands of mutant embryos. The large number of meioses
that can thus be analyzed allowed the genetic fine map-
ping of oep at a resolution of 0.1 cM and the demarcation
of a candidate region of z100 kb. The ease of whole
mount in situ hybridization in zebrafish embryos greatly
aided the identification of the oep transcription unit.
Finally, complementation assays can be performed by
injection of mRNA as described here. The positional
cloning of oep demonstrates that this approach will be
an important tool for the molecular analysis of develop-
mental mutations in zebrafish.Figure 4. Immunolocalization and Biochemical Analysis of Oep
Positional cloning strategies will also be importantProtein
in the molecular isolation of zebrafish mutations that(A) Signal sequence cleavage was assayed by in vitro translation of
mRNA encoding wild-type oep (oepwt), mutant oep (oeptz57), and
FLAG-oep (oepflg) in the presence (1) or absence (2) of microsomes.
No RNA addition (2) served as a negative control.
(B) Immunolocalization in embryo. RNA encoding FLAG-oep was for FLAG-oepm134 was as high or higher than the transfection rate
injected into wild-type embryos at the 1±4-cell stage, and localiza- for FLAG-oepwt.
tion of FLAG antigen was visualized at dome stage (green pseu- (D) Secretion of oepm134 but not wild-type oep. COS cells (C) and
docolor). Nuclei were visualized using DAPI (red pseudocolor). conditioned medium (M) were harvested after transfection with
(C) Immunolocalization in COS cells. FLAG antigen (red) and nuclei FLAG-oepwt, FLAG-oepm134, FLAG-oeptz57, or oep without FLAG (2).
(blue) were visualized in COS cells transfected with FLAG-oepwt, Presence of FLAG antigen was determined by Western analysis.
FLAG-oepm134, and FLAG-oeptz57. Cells were not permeabilized, and Note that the FLAG-oepm134 lanes contain 5-fold less total protein
FLAG antigen can thus only be detected at membrane and in the than the other lanes, but only FLAG-oepm134 can be detected in the
interior of dying cells. Note the absence of FLAG-oepm134 at the cell conditioned medium. No FLAG-oeptz57 protein is detectable in this
surface. (D) Western analysis established that the transfection rate assay.
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Figure 5. Maternal and ZygoticExpression of
oep mRNA
(A and B) 1-cell stage; (C and D) 4-cell stage;
(E, F, I, and J) sphere stage; (G, H, K, and
L) germ-ring stage. (I±L) oepz1 homozygous
mutant embryos. These embryos do not ex-
press oep zygotically and thus allow detec-
tion of oep maternal mRNA. Note the com-
plete loss of oep mRNA in oepz1 mutants at
germ-ring stage. (M and N) Shield stage,
arrow indicates position of the dorsal shield.
Note the shallow dorsal±ventral gradient of
expression in N. (O and P) 60% epiboly; arrow
indicates leading edge of involuting hypo-
blast. (Q and R) 80% epiboly; arrow indicates
leading edge of involuting prechordal plate.
(S and T) Tailbud stage; arrow in S points
to expression in forebrain region; arrow in T
highlights expression in notochord. Note the
onset and broadening of expression in the
forebrain region from R to S (arrows). (U±X)
8 somite stage. (U) Lateral view, anterior to
the left, dorsal to the top. Note expression in
developing epiphysis (black arrow) and noto-
chord (white arrow). This expression is very
similar to floating head expression at this
stage. (V±X) Dorsal view from anterior to pos-
terior: epiphysis (arrow in V), notochord (black
arrow in W), lateral stripes (white arrows in
W), and posterior boundary of notochord ex-
pression (arrow in X). (A, C, E, G, I, and K)
Lateral views; (B, D, F, H, J, L, and N) animal
pole views; (M, O, and Q) lateral views, dorsal
to the right; (P and R) dorsal view; (S and V)
dorsal-anterior view; (T and W) dorsal-poste-
rior view; (X) dorsal view at tail region.
represent models for human diseases or congenital de- 3A). In contrast, higher than 60% sequence identitity is
found among true vertebrate orthologs of extracellularfects. In this context, it is interesting to note that loss
of oep leads to severe cyclopia and aberrant develop- molecules such as sonic hedgehog or BMP4. In addition
to divergent sequences, the expression patterns of thement of ventral neuroectoderm. This phenotype resem-
bles the human congenital disorder holoprosencephaly known members of the EGF-CFC family are also distinct
(Dono et al., 1993; Johnson et al., 1994; Kinoshita et al.,(Muenke, 1995). Human sonic hedgehog has recently
been found to correspond to the human holopros- 1995; Shen et al., 1997). The oep, cripto, cryptic, and
FRL-1 proteins are therefore likely to define four distinctencephaly locus HPE3 (Roessler et al., 1996). The phe-
notype and molecular identification of oep provides a members in the EGF-CFC family.
In keeping with the divergent sequence and expres-novel candidate gene that might represent another holo-
prosencephaly locus. sion pattern of the known EGF-CFC family members,
these proteins have been identified by their functions
in a number of different contexts. Cripto was isolatedSimilarity of Oep to EGF-CFC Proteins
as the first member of the EGF-CFC family and hasPrevious studies have implicated extracellular proteins
been implicated in transformation and tumor formationof the FGF, wnt, and TGF-b families and their inhibitors
(Ciccodicola et al., 1989; Ciardiello et al., 1994). Injectionin cell type specification and regionalization during early
of FRL-1 mRNA into Xenopus laevis embryos leads tovertebrate embryogenesis (Heasman, 1997). The identi-
reduced anterior head morphology (Kinoshita et al.,fication of oep as an EGF-related protein establishes
1995). This phenotype is rarely found upon injection ofnow an essential role for the EGF gene family during
oep mRNA into zebrafish embryos. Furthermore, FRL-1vertebrate gastrulation. The oep gene constitutes a
induces N-CAM and muscle actin expression in animalnovel, divergent member of the EGF-CFC class of EGF-
caps. In contrast, oep does not seem to be required forrelated proteins. Other members of this family include
neural induction or skeletal muscle development. It ismouse cripto (Ciccodicola et al., 1989; Dono et al., 1993),
thus possible that different EGF-CFC molecules suchmouse cryptic (Shen et al., 1997), and frog FRL-1 (Kino-
as oep and FRL-1 have distinct activities during earlyshita et al., 1995). No EGF-CFC proteins have been re-
development, a feature also found for nonorthologousported in invertebrates. The identified EGF-CFC proteins
share only 22%±32% overall sequence identity (Figure members of the wnt and TGF-b families.
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Figure 6. Phenotypic Rescue and Effects by Ectopic Expression of one-eyed pinhead RNA
RNA encoding oep protein was injected at the 1±4-cell stage into wild-type and mutant embryos. Phenotypic analysis was carried out and
embryos documented at 32 hr after fertilization. Embryos were then genotyped by SSCP analysis. (A±D) Uninjected embryos; (E±H) embryos
injected with oep mRNA; (A, B, E, and F) genotypically wild-type embryos; (C, D, G, and H) genotypically oeptz57 homozygous mutant embryos.
Note the rescue of cyclopia (arrows in D and H) and hatching gland (arrows in A, C, E, and G) in injected oep mutants (G and H). No effect
is seen in wild-type embryos (E and F).
Structure of Oep direct signal or mediate receptor regulation by some
other signal. Precedent for both possibilities exists. ForFour distinct regions can be found in oep and other
EGF-CFC proteins: (1) an N-terminal predicted signal example, the EGF family members neuregulin and EGF
bind and directly regulate the activity of their receptors.sequence, (2) an EGF homology domain, (3) a second
conserved cysteine-rich motif called the CFC homology In support of a similar, direct signaling role of oep and
other EGF-CFC proteins, exogenous cripto protein candomain, and (4) a short hydrophobic C terminus. This
sequence arrangement and our immunolocalization and stimulate the phosphorylation of the shc adaptor protein
in different cell lines (Kannan et al., 1997; Lohmeyer etbiochemical studies suggest that all residues of oep with
the possible exception of the C terminus are localized al., 1997). Although this result and the small size of
oep protein suggest a direct signaling role, it is formallyextracellularly and that is unlikely that oep has a cyto-
plasmic portion. Analysis of the twomutant alleles oeptz57 possible that oep might function similarly to GFR-a, a
membrane-attached GDNF receptor (Jing et al., 1996;and oepm134 points to the importance of proper localiza-
tion for oep in vivo activity. The oeptz57 mutant protein Treanor et al., 1996). GFR-a forms a complex with GDNF
and then binds and regulates the ret tyrosine kinase.is inefficiently translated in vitro, lacks a functional signal
sequence, and cannot be detected in COS cells and According to this scenario, an unidentified signaling
molecule could bind to oep, and a ternary complexembryos. It is conceivable that low levels of oeptz57 pro-
tein are produced in vivo but are rapidly degraded be- would then be formed with a receptor that mediates
cytoplasmic signal transduction. Further understandingcause the signal sequence defect leads to the cyto-
plasmic localization of oeptz57 protein. The oepm134 mutant of the molecular function of oep awaits isolation of the
oep receptor.protein lacks16 amino acids of the hydrophobic C termi-
nus and is found in theconditioned medium of COS cells,
establishing a role of the oep C terminus in membrane
attachment. Role of Oep in Prechordal Plate Development
and goosecoid Regulation
Loss of oep function disrupts development of pre-Function of Oep as an Extracellular Ligand
chordal plate, endoderm, ventral neuroectoderm, andBoth the membrane-attached and, at higher expression
heart. Detailed analysis of marker gene expression andlevels, a secreted form of oep can complement oep
genetic mosaics has previously indicated that oep ismutants. In light of theproperties of other EGF-like mole-
required cell-autonomously in prechordal plate progeni-cules (Groenen et al., 1994; Burden and Yarden, 1997),
tors at the onset of gastrulation (Schier et al., 1997).these results suggest that oep serves as an extracellular
Oep is also required in floor plate precursors (StraÈ hle etligand binding to a receptor. No obvious candidates
al., 1997). Our studies identify oep as an extracellular,exist for the oep receptor, as cripto does not seem to
membrane-attached EGF-like ligand that is widely ex-act via the EGF receptor or other members of the erbB
pressed, including in prechordal plate and floor platereceptor family (Brandt et al., 1994; Kannan et al., 1997;
precursors (Shih and Fraser, 1995; Melby et al., 1996).Lohmeyer et al., 1997). Furthermore, although FRL-1
The autonomous function of oep therefore implies thatwas originally identified as a potential ligand for the FGF
oep protein expressed in prechordal plate progenitorsreceptor (Kinoshita et al., 1995), no binding of FRL-1 to
functions as an autocrine ligand (e.g., Mignatti et al.,the extracellular FGF receptor domain has been estab-
1991). According to this model, oep could regulate alished.
By binding to a receptor, oep could serve either as a receptor on prechordal plate precursors and maintain
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Experimental Procedurestheir fate. The mutant phenotype associated with se-
creted oepm134 protein suggests that membrane associa-
Detailed protocols are available on request and on the World Widetion facilitates autocrine interactions by establishing a
Web at http://www.cell.com/supplemental/92/2/241/.
high local concentration of oep protein at the surface
of expressing cells. Consistent with this idea, secreted
Genetic Mapping and Positional Cloningoep can rescue oep mutants only upon overexpression.
The genetic distance between PCR markers and the oep locus was
Our results also have implications for the regulation determined by assaying DNA polymorphisms in individual oepm134/
of organizer genes such as goosecoid. Expression of oepz1 hemizygous mutant embryos. The oepm134 allele was derived
goosecoid is initiated by wnt and TGF-b signaling. The from the female, and recombination frequency was thus assayed in
the female germ line. Filters with arrayed BAC and PAC clonesfinding that oep is an extracellular molecule required
(Genome Systems) were screened with end-labeled oligonucleo-for maintenance of goosecoid expression (Schier et al.,
tides at T 5 (Tm of the oligonucleotide 2 48C to 68C) in Hyb buffer1997) now identifies a second tier of goosecoid regula-
(63 SSC, 53 Denhardt, 0.5% SDS, 0.1 mg/ml salmon sperm DNA)
tion by extracellular factors. In this process, the ligand at 106 cpm/ml for 4 hr. Filters were washed in 53 SSC/0.5% SDS.
oep and its associated signal transduction pathway BAC and PAC DNA was prepared according to the manufacturer's
maintain goosecoid expression after its initial activation instructions (Genome Systems) and ends sequenced by cycle se-
quencing.via activin and wnt response elements in the goosecoid
DNA from BAC 14I1 and PAC 240K7 was subcloned into thecontrol region. Maintenance could occur indirectly by
cosmid vector SuperCos1 (Stratagene). Cosmid inserts were usedinactivation of a repressor of goosecoid or directly via
to screen cDNA libraries (kindly provided by Drs T. Lepage and D.
maintenance control elements in the goosecoid pro- Kimelman) according to Baxendale et al. (1991). Phagemids were
moter region. excised using the ExAssist interference-resistant helper phage
(Stratagene). Restriction digestion with Dde1 was used for finger-
printing and representative clones were end-sequenced.A Permissive Role for oep in
Vertebrate Gastrulation
The previously identified extracellular signals involved Sequence Comparison and Mutation Detection
Sequence alignments were performed using the following softwarein vertebrate gastrulation appear to act as instructive
and algorithms: BLAST (Altschul et al., 1990), Lasergene softwareinducers (Heasman, 1997). The activities of these mole-
from DNASTAR, and NCSA Computational Biology Workbench Ver-cules must be strictly localized, since they can divert
sion 2.0 (http://bioweb.ncsa.uiuc.edu/) using algorithms by Kay Hof-
cells from one developmental fate to another. In con- mann and Michael D. Baron and Multi Sequence Alignment 2.1
trast, our results suggest that oep defines a novel group (Lipman et al., 1989; Gupta et al., 1995), modified by J. Kececioglu,
of extracellular ligands that act in a necessary and per- S. Altchul, D. Lipman, and R. Miner. Signal sequence prediction was
performed according to Nielsen et al. (1997; http://www.cbs.dtu.dk/missive rather than sufficient and instructive role. Wide-
services/SignalP/). Using primers specific for the oep cDNA, geno-spread oep expression can rescue oep mutants but
mic DNA was amplified, subcloned using the TA cloning systemdoes not interfere with wild-type development. These
(Invitrogen), and sequenced using Sequenase 2.0 (USB) or auto-observations indicate that wild-type oep protein need
mated cycle sequencing. Gene structure was determined by se-
not be strictly localized to limit its activity during early quencing BAC 14I1 and by PCR using exon-specific primers. In
development. It is conceivable that oep activity might addition to the ATG→GTG mutation, a second change was found
in oeptz57: Ala/Thr-176 in the hydrophobic C terminus is changed tobe regulated by cleavage, similar to the activation of the
Pro-176. Rescue assays demonstrate that oep with Pro-176, butDrosophila EGF-related protein spitz (Schweitzer and
not oep with GTG-1, can rescue oep mutant embryos.Shilo, 1997). Like oep, full-length spitz is membrane-
associated, can function in an autocrine fashion, and
In Situ Hybridizationectopic expression of wild-type spitz rescues spitz mu-
Sense (Not1/T7 RNA polymerase) and antisense (HindIII/T3 RNAtants and does not lead to dominant effects (Gabay et
polymerase) probes were synthesized using pBS-SK-OEP5A1,al., 1997; Schweitzer and Shilo, 1997). Intriguingly, spitz
which contains the oep ORF cloned into the Spe1 site of pBS-SK.
activity is regulated by cleavage and release from the In situ hybridization to embryos was performed as described (Schier
membrane, and misexpression of secreted forms of et al., 1997). Embryos were staged according to Kimmel et al. (1995).
spitz causes dominant phenotypes. A similar mecha-
nism might be postulated to control oep activity. In con-
Derivatives of oep
trast to secreted spitz protein, however, we find that Expression constructs for RNA synthesis and COS cell transfection
secreted oep protein does not disrupt normal develop- were initially made in pT7-TS (kindly provided by Drs. S. Ekker and
ment. Furthermore, a minimal oep protein consisting A. Ungar) and contain the oep ORF flanked by 60 bp of the b-globin
59 UTR and z200 bp of the b-globin 39 UTR followed by A30C30. Thesolely of signal sequence and EGF-CFC domains is ac-
HindIII and BamH1 fragment from pT7-TSoep was subcloned intotive in rescuing oep mutants but does not have dominant
pcDNA3 (Invitrogen). Site-directed mutagenesis was performed us-effects (J. Z., W. S. T, and A. F. S., unpublished data).
ing PCR. Expression in COS-7 cells is driven by the CMV enhancer-
These findings support the idea that active oepfunctions promoter sequences in pcDNA3. The following plasmids contain
not as an instructive, but instead as a permissive ligand oep sequences in pcDNA3. pJZoep5A, oep open reading frame;
that gives cells the competence to follow their develop- pJZoepA4, oeplong (oep open reading frame with additional 7 amino
acid exon 6 after CFC domain); pJZoepGTG33, oep with first ATGmental programs. In this scenario, oep is an essential
mutated to GTG; pJZoepGTG11, oeplong with first ATG mutated toextracellular factor that allows other molecules to spec-
GTG. pJZoepm134-9-1, oep with stop-168; pJZoepPro1, oep withify cell fates such as prechordal plate. Elucidation of the
Pro-176 as found in oeptz57. pJZoepFlag1-2, oep with FLAG tag
oep signaling pathway and study of its interaction with (DYKDDDDK) between Gly-24 and Cys-25; pJZoepm134-9-1Flag2C,
other signaling cascades will help unravel the details of oep with stop-168 and FLAG tag between Gly-24 and Cys-25;
how oep supports cell type specification and germ layer pJZoepGTGFlag1G, oep with first ATG mutated to GTG and FLAG
tag between Gly-24 and Cys-25.formation during vertebrate gastrulation.
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Synthesis of RNA and Rescue/Induction Assay Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403±410.Sense-capped RNA was synthesized using T7 RNA polymerase and
the mMESSAGE mMACHINE system (Ambion) after Sma1 digestion Amaya, E., Musci, T.J., and Kirschner, M.W. (1991). Expression of
of oep derivatives in pcDNA3. In vitro synthesized mRNA (5 or 50 a dominant negative mutant of the FGF receptor disrupts mesoderm
pg) was microinjected at the 1±4-cell stage. Embryos were pheno- formation in Xenopus embryos. Cell 66, 257±270.
typically analyzed anddocumented 24±58 hr after fertilization. Geno- Baxendale, S., Bates, G.P., MacDonald, M.E., Gusella, J.F., and
mic DNA was isolated, and embryos were genotyped in the case Lehrach, H. (1991). The direct screening of cosmid libraries with
of oeptz57 by SSCP analysis using primer pair JJ5T3-1/JJ5T3-5 flank- YAC clones. Nucleic Acids Res. 19, 6651.
ing the ATG→GTG mutation, and in the case of oepz1 by using primer
Brandt, R., Normanno,N., Gullick, W.J.,Lin, J.H., Harkins, R., Schnei-
pairs JJ5T3-1/JJ5T3-5 (deleted in oepz1) and TARAM1/TARAM2corr der, D., Jones, B.W., Ciardiello, F., Persico, M.G., Armenante, F., et
(positive control). al. (1994). Identification and biological characterization of an epider-
mal growth factor±related protein: cripto-1. J. Biol. Chem. 269,
Immunostaining 17320±17328.
RNA encoding FLAG-oep proteins was injected into wild-type em-
Burden, S., and Yarden, Y. (1997). Neuregulins and their receptors:bryos at the 1±4-cell stage, and embryos were fixed at 2000-cell,
a versatile signaling module in organogenesis and oncogenesis.
dome, and shield stage for 4 hr in 4% paraformaldehyde in PBS.
Neuron 18, 847±855.
After blocking with 10% normal goat serum in PBT (0.1% Tween
Ciardiello, F., Tortora, G., Bianco, C., Selvam, M.P., Basolo, F., Fon-20 in PBS) for 1 hr, embryos were incubated with Anti-FLAG M2
tanini, G., Pacifico, F., Normanno, N., Brandt, R., Persico, M.G., etmonoclonal antibody (Eastman Kodak Company) at 1:400 dilution
al. (1994). Inhibition of CRIPTO expression and tumorigenicity in(10 mg/ml) in 1% normal goat serum in PBT overnight at 48C. After
human colon cancer cells by antisense RNA and oligodeoxynucleo-washes in 1% normal goat serum in PBT, embryos were incubated in
tides. Oncogene 9, 291±298.secondary antibody Cy3-conjugated AffiniPure Donkey Anti-Mouse
Ciccodicola, A., Dono, R., Obici, S., Simeone, A., Zollo, M., andIgG (Jackson ImmunoResearch Laboratories) at 1:250 dilution and
Persico, M.G. (1989). Molecular characterization of a gene of thecounterstained with DAPI. Immunostaining was analyzed and docu-
ªEGF familyº expressed in undifferentiated human NTERA2 terato-mented on a Zeiss Axioplan microscope using Metamorph software
carcinoma cells. EMBO J. 8, 1987±1991.(Universal Imaging; kindly provided by Dr. G. Fishell). Transfected
Dale, J.K., Vesque, C., Lints, T.J., Sampath, T.K., Furley, A., Dodd,COS cells were immunostained using the same protocol.
J., and Placzek, M. (1997). Cooperation of BMP7 and SHH in the
induction of forebrain ventral midline cells by prechordal mesoderm.In Vitro Translation and Signal Sequence Cleavage
Cell 90, 257±269.In vitro translation was performed using 5 ng/ml in vitro±synthesized
RNA, rabbit reticulocyte lysates (Promega), and [35S]methionine in Dono, R., Scalera, L., Pacifico, F., Acampora, D., Persico, M.G.,
and Simeone, A. (1993). The murine cripto gene: expression duringthe presence or absence of microsomes from canine pancreas
mesoderm induction and early heart morphogenesis. Development(Boehringer) according to the manufacturer's instructions. Transla-
118, 1157±1168.tion products were separated by SDS-PAGE and visualized by auto-
radiography. Driever, W., Solnica-Krezel, L., Schier, A.F., Neuhauss, S.C., Malicki,
J., Stemple, D.L., Stainier, D.Y., Zwartkruis, F., Abdelilah, S., Rangini,
Expression in COS-7 Cells Z., et al. (1996). A genetic screen for mutations affecting embryogen-
COS-7 cells were transfected at 40% confluence with 1 mg of plas- esis in zebrafish. Development 123, 37±46.
mid DNA with 6 ml lipofectamine in 1 ml OPTI-MEM (Life Technolo- Gabay, L., Seger, R., and Shilo, B.-Z. (1997). In situ activation pattern
gies). Medium was changed to DMEM with 10% FBS after 6 hr. of Drosophila EGF receptor pathway during development. Science
Conditioned medium and cells were collected after 48 hr. After 277, 1103±1106.
concentrating with Centricon 10 filters (Micron Separations Inc.), Groenen, L.C., Nice, E.C., and Burgess, A.W. (1994). Structure-func-
1/10 (oep without FLAG, FLAG-oepwt, FLAG-oeptz57) or 1/50 (FLAG- tion relationships for the EGF/TGF-a family of mitogens. Growth
oepm134) of conditioned medium was used for Western analysis. Cells Factors 11, 235±257.
were lysed in RIPA buffer containing protease inhibitors and frozen
Gupta, S.K., Kececioglu, J.D., and Schaeffer, A.A. (1995). Improvingon dry ice, and 1/2 (oep without FLAG, FLAG-oepwt, FLAG-oeptz57)
the practical space and time efficiency of the shortest-paths ap-
or 1/10 (FLAG-oepm134) of the lysate was separated by 15% SDS-
proach to sum-of-pairs multiple sequence alignment. J. Comput.
PAGE. Western analysis was performed by blotting onto PVDF Biol. 2, 459±472.
membranes and detection of FLAG by Anti-FLAG M2 antibody and
Haffter, P., Granato, M., Brand, M., Mullins, M.C., Hammerschmidt,Anti-mouse IgG-HRP secondary antibody using the ECL system
M., Kane, D.A., Odenthal, J., van Eeden, F.J.M., Jiang, Y.J., Heisen-(Amersham). FLAG-oep was consistently detected at 2±53 lower
berg, C.P., et al. (1996). The identification of genes with unique andlevels than FLAG-oepm134 in cell lysates.
essential functions in the development of the zebrafish, Danio rerio.
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